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Structural Comparison of ColH and ColG Collagen-Binding Domains
from Clostridium histolyticum
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Clostridium histolyticum secretes collagenases, ColG and ColH, that cause extensive tissue destruction in myonecrosis. The C-
terminal collagen-binding domain (CBD) of collagenase is required for insoluble collagen fibril binding and subsequent collag-
enolysis. The high-resolution crystal structures of ColG-CBD (s3b) and ColH-CBD (s3) are reported in this paper. The new X-
ray structure of s3 was solved at 2.0-A resolution (R = 17.4%; R;,.. = 23.3%), while the resolution of the previously determined
s3b was extended to 1.4 A (R = 17.9%; Ry,.. = 21.0%). Despite sharing only 30% sequence identity, the molecules resemble one
another closely (root mean square deviation [RMSD] C,, = 1.5 A). All but one residue, whose side chain chelates with Ca>*, are
conserved. The dual Ca>* binding site in s3 is completed by an unconserved aspartate. Differential scanning calorimetric mea-
surements showed that s3 gains thermal stability, comparable to s3b, by binding to Ca** (holo T,, = 94.1°C; apo T,, = 70.2°C).
holo s3 is also stabilized against chemical denaturants urea and guanidine HCI. The three most critical residues for collagen in-
teraction in s3b are conserved in s3. The general shape of the binding pocket is retained by altered loop structures and side chain
positions. Small-angle X-ray scattering data revealed that s3 also binds asymmetrically to minicollagen. Besides the calcium-
binding sites and the collagen-binding pocket, architecturally important hydrophobic residues and the hydrogen-bonding net-
work around the cis-peptide bond are well conserved within the metallopeptidase subfamily M9B. CBDs were previously shown

to bind to the extracellular matrix of various tissues. Compactness and extreme stability in physiological Ca®* concentration
possibly make both CBDs suitable for targeted growth factor delivery.

lostridium histolyticum is one of the causative agents for clos-

tridial myonecrosis. The organism produces collagenases re-
sponsible for extensive tissue destruction. Although collagenases
are harmful during infection, their ability to break down a wide
variety of collagen types makes them beneficial as a treatment for
excessive connective tissue buildup. The enzymes are approved by
the Food and Drug Administration (FDA) to break down the
tough cords in Dupuytren’s contracture (1). The two classes of
collagenase, ColG and ColH, differ in domain structures (sl, s2,
s3a, and s3b for ColG and s1, s2a, s2b, and s3 for ColH). The s1
structure is the catalytic domain that belongs to a metallopepti-
dase M9 subfamily B (M9B) of bacterial collagenases. The struc-
ture of ColG s1 was recently solved and revealed an overall saddle
shape built up by an activator domain linked to a peptidase do-
main (2). The amino acid sequences of s2, s2a, and s2b resemble a
polycystic kidney disease (PKD) domain. The role of this domain
is speculative. It was shown that the PKD-like domain of the serine
protease from Pseudoalteromonas sp. SM9913 could bind to and
swell collagen microfibrils (3). The PKD-like domain has also
been shown to enhance collagen binding (4). The C-terminal do-
mains s3a, s3b, and s3 (Swiss-Prot, Q46085; PubMed, BAA34542)
are homologues with approximately 120 amino acid residues and
are classified as bacterial prepeptidase C-terminal domains (PPC
superfamily). The PPC domain is found in some members of met-
alloprotease families M4, M9, and M28 as well as in a serine pro-
tease family, S8. In silico work on the PPC domain suggests a
distant relationship with the PKD-like domain (5). Moreover, the
role of the PPC domain could be diverse. Some of the domains are
removed after secretion for activation of certain proteases (5), but
others are retained in the mature enzymes (6). Both ColG-derived
s3a and s3b and ColH-derived s3 bind to either insoluble collagen
in vitro or to collagen fibrils in the extracellular matrix of various
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tissues (7, 8). Therefore, each of these PPC domains is subclassi-
fied as a collagen-binding domain (CBD).

CBD derived from ColG (s3b) has been extensively character-
ized. Itis a B-sandwich fold, and a pocket formed on a B-sheet was
identified to interact with the substrates by alanine-scan mutagen-
esis and minicollagen binding assays (9). The s3b binds to collag-
enous peptides with triple-helical conformation but not to the
similar peptides lacking triple-helical conformation or to gelatin
(denatured collagen), suggesting that the CBD-collagen interac-
tion is conformation specific (4, 7). The most recent solution
studies of s3b in complex with collagenous peptides by small-
angle X-ray scattering (SAXS) and heteronuclear single quantum
coherence (HSQC) nuclear magnetic resonance (NMR) titration
of various spin-labeled collagenous peptides to '*N-labeled s3b
showed that s3b binds unidirectionally to the C terminus of col-
lagenous peptides (10).

In the presence of Ca®", s3b shows shortened hydrodynamic
radius, better stability, and more efficient substrate binding (11).
The X-ray crystal structures of s3b were solved in the presence of
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Ca** (holo) as well as in the absence of Ca*>" (apo) to show a
secondary structure transformation of the linker at its N terminus
(11). The linker is coiled as an a-helix in the apo form but is
unwound to form a parallel B-strand in the holo form, which
possibly results in domain rearrangement. Two Ca®" ions bind
cooperatively with macroscopic association constants (K; = 5.01 X
10°M~'and K, = 2.28 X 10° M™") to trigger the structural trans-
formation (12). Two Ca® " ions chelate to s3b in close proximity to
each other (3.7 A). The N-terminal linker of s3b adopts an ener-
getically unfavorable nonprolyl-cis-peptide in the presence of
Ca*™. Simulations provided mechanical insights of calcium ions
catalyzing the trans-cis isomerization of the nonprolyl peptide
bond (13). Previously, it was shown that ColG-s1 does not require
the PKD-like domain or CBDs to degrade gelatin (4) or soluble
collagen (2). These domains, however, are necessary to degrade
collagen fibrils.

The s3 from ColH has been shown to anchor growth factors to
the extracellular matrix and extend their half-lives. A fusion pro-
tein of basic fibroblast growth factor and s3 domain stayed at the
site of injection for more than 10 days to promote cell prolifera-
tion (14). Although various preclinical applications are currently
being examined (14-18), s3 has not been characterized in detail.
The s3 and s3b domains share 30% sequence identity. Only three
aromatic residues within nine residues in s3b involved in the sub-
strate binding are conserved in s3. Based on the sequence align-
ment, one of the Ca®"-chelating aspartates (Asp927) in s3b is
replaced by serine (Ser896) in s3 (note that in this article, the
sequence number for each CBD refers to the mature protein: the
s3b sequence numbering reflects a 110-residue-long prepro pep-
tide being cleaved, while s3 numbering reflects a 40-residue-long
prepro peptide being cleaved). Each of the two side chain oxygen
atoms of Asp927 chelates with a different Ca®" ion. It was uncer-
tain as to how Ser896 in s3 could construct the dual calcium-
binding site in place of the bidentate Asp. To address its structure-
and-function relationship applicable for various drug delivery
applications (14-18), structural work on s3 was initiated. The
structures of dissimilar CBD molecules in the metallopeptidase
family M9B enabled us to compare and contrast their Ca®™ sites
and collagen-binding mechanism.

MATERIALS AND METHODS

Expression and purification of collagen-binding domain. Expression
and purification of collagen-binding domain as a glutathione S-trans-
ferase (GST) fusion protein were achieved using methods described by
Matsushita et al. (7).

Crystallization and structure determination of s3 from ColH. Re-
combinant s3 (7.0 mg/mlin 10 mM Tris-HCI, pH 7.5) crystals were grown
by hanging drop vapor diffusion from 28% (wt/vol) PEG3350, 0.1 M
Li,SO,, 0.1 M Tris-HCI (pH 6.5), and 2 mM CaCl,. The crystals were
subsequently flash frozen in liquid nitrogen without the need of addi-
tional cryoprotectant and stored in liquid nitrogen until data collection.
An in-house X-ray diffraction facility (Rigaku 007, Osmic Blue confocal
mirrors, Saturn CCD detector) was used to characterize the unit cell pa-
rameters for s3. The calcium-bound s3 crystals belong to the orthorhom-
bic space group P2,2,2,, with unit cell size as follows: a, 62.0; b, 66.2; and
¢, 96.4 A. The data were collected at —164°C and diffracted to 2.6-A
resolution. Single-crystal diffraction data were then collected at the 19-ID
beam line at the Advanced Photon Source (APS) at Argonne National
Laboratories. The crystals diffracted to 2.0-A resolution. Data were pro-
cessed using HKL3000. A molecular replacement technique using
PHASER on a data set truncated to 3-A resolution located three molecules
in an asymmetric unit (19). The F_-F_ difference map clearly showed two
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TABLE 1 Data collection and refinement statistics

Statistic holo-s3b holo-s3
Data collection statistics®
Wavelength (A) 0.98045 0.97937
Space group P2, P2,2,2,
a, b, c(A) 40.9,59.2, 48.8 62.0, 64.2,95.4
beta (°) 100.4 90.0
Unique reflections 44,856 26,207
D, ;. (A)? 16.61-1.35 28.50-2.00
Completeness (%)° 99.8 (100) 99.4 (99.9)
ol (b) 26.3 (2.6) 16.7 (3.1)
Rieans (%) 6.4 (65.9) 9.9 (56.6)
Redundancies 4.6(3.2) 4.0 (4.1)
Refinement statistics
Resolution (A) 16.61-1.35 28.50-2.00
R-factor (%) 17.9 (30.9) 17.4 (19.5)
Rppee (%) 5% of data 21.0 (38.0) 23.3 (28.4)
Avg B-factor main chain in A (A%) 11.6 25.2
Avg B-factor side chain in A (A?) 14.2 27.5
Avg B-factor main chain B (A?) 15.8 21.4
Avg B-factor side chain B (A%) 17.8 23.8
Avg B-factor main chain C (A%) NA 234
Avg B-factor side chain C (A?) NA 26.2
RMS deviations from restraint target
values
Bond lengths (&) 0.01 0.02
Angle (°) 1.2 1.7
Distances form restraint planes 0.004 0.007
Ramachandran statistics
Most favorable (%) 92.1 90.2
Additionally allowed (%) 7.9 9.8
Disallowed (%) 0.0 0.0

“ For more complete data collection statistics, see Tables S7 and S8 in the supplemental
material.

b Highest-resolution shell for holo-s3b, 1.40 to 1.35 A highest-resolution shell for holo-
$3,2.03 t0 2.00 A.

¢ Data for the highest-resolution shell are given in parentheses.

9 Rpneans = Zh | leum — ELE .
-1

calcium atoms that were omitted from the search model and increased
confidence in the phase information. Where possible, amino acid residues
of molecule A were corrected to those of s3. Using the partially built
molecule A as a search model, molecular replacement techniques were
repeated, yielding phases that allowed for building the complete s3. The
models were refined using REFMAC to 2.0-A resolution (20). In the
strong difference map peaks (F -F. with o of >3.5 and 2F -F_ with ¢ of
>1.0), 326 solvent molecules were built. Noncrystallographic symmetry
(NCS) restraints were not used during the refinement. PROCHECK was
used to ensure the stereochemical quality of the protein. Data collection
and refinement statistics are summarized in Table 1.

Crystallization and structure refinement of s3b from ColG. Recom-
binant s3b (5.5 mg/mlin 50 mM Tris-HCI, pH 7.5) crystals were grown by
hanging drop vapor diffusion from 25 to 27% PEG 3350, 100 mM sodium
acetate (pH 4.6), and 600 mM LiCl at 4°C. As it is known to exist in two
structural forms, s3b was supplemented with Ca(NO;), to a concentra-
tion of 50 mM in order to push the equilibrium toward the ion-bound
form (11). Crystals were dragged through 100% paraffin oil to remove
excess solvent and then frozen in liquid nitrogen. The initial conditions
suitable to grow s3b crystals were identified by the sitting drop method
using a high-throughput screen (Hampton Research Crystal Screen HT).
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TABLE 2 SAXS-derived molecular parameters®

SAXS Discrepancy
Mini-collagen:CBD R, (&)
complexes Dy (B) R (A) (expt)  (calc) X’
[(POG),,]:53 87 2311 009 2443 047
[(POG),,]5:53b 93 2262004 2479 075

@ expt, experimentally obtained; calc, calculated.

Cryoprotection procedures resulted in a low mosaic spread, 0.46°, and
extended our data to 1.35 A (unique reflections, 44,856) versus 1.65-A
resolution (unique reflections, 27,154) for our previously deposited struc-
ture (11). The data were collected at BioCARS 14ID-B at Advanced Pho-
ton Source. All the data were indexed and scaled using Denzo and Scale-
pack from HKL2000 (21). SHELX97 (22) and REFMAC (20) were used
for refinement (Table 1). The holo structure (Protein Data Bank [PDB]
code INQD) was used as a starting model. The manual adjustments were
aided by the use of MIFit (23). Seven alternate confirmations for surface
residues (919, 959, 968, and 976 of molecule A and 895, 968, and 976 of
molecule B) were built. The positional and anisotropic B-factor refine-
ments were carried out using Shelxl97 initially (22) and then REFMAC
(20). Hydrogen atom positions were constrained to the ideal position
during the refinement. However, neither noncrystallographic symmetry
restraints nor Ca-O bond restraints were applied. Positional refinement,
manual adjustments, and anisotropic B-factor refinement resulted in an R
of 17.9% and an Ry, of 21.0% (Table 1). The anisotropic temperature
refinement is justified because Rg,.. dropped nearly 5%. Seventy percent
of all atoms, including water molecules, are very well ordered (B-factor
below 30 A?), and their positional errors are less than 0.05 A.

SAXS experiments. The SAXS data were collected on solutions of s3,
various collagenous peptides, and the CBD-collagenous peptide com-
plexes (between 4 and 6 mg/ml) in 10 mM Tris-HCI (pH 7.5) containing
100 mM NaCl and 20 mM CaCl, at the XOR beamline of sector 12-ID at
the Advanced Photon Source in the Argonne National Laboratory. The
main advantage of X-ray scattering is that it can be carried out in solution
under nearly physiological conditions (13). The monochromatic radia-
tion source (10 keV, A = 1.2398 A) was the APS Undulator A insertion
device using a Si-111 monochromator, with 1:1 horizontal focusing and
higher harmonic rejection from an Rh-coated mirror, and beam-defining
slits set at 0.3 mm (vertical) and 0.25 mm (horizontal). A 1.6-mm diam-
eter capillary flow cell with a flow rate of 4 pl/second was used to capture
four frames with exposure time of 10 s. The SAXS detector used was a
Marl65 scintillator fiber optic-coupled charge-coupled-device (CCD)
detector and covered the momentum transfer range of 0.005 < g < 0.198
A7, where qis 41 sin0/X (20 is the scattering angle). The WAXS detector
was a custom-made Roper scintillator fiber-optic-coupled CCD detector
and covered the range of 0.191 < g < 1.8 A7 S (24).

All scattering data were acquired at 10°C. The four scattering pat-
terns from each detector were averaged and merged with the rejection
of outlying scans. For further analysis, the program IGOR Pro 5.5A
(WaveMetrics) was used. The scattering profiles of the protein, peptide,
and their complexes were obtained after subtracting the buffer profiles.
The reduced scattering data were plotted as scattering intensity I(Q) ver-
sus Q (see Fig. S1A in the supplemental material). The radius of gyration,
R,, was obtained from the Guinier approximation by linear least-squares
fitting in the QR, < 1 region, where the forward scattering intensity, 1(0),
is proportional to the molecular weight of the protein complex. An indi-
rect Fourier transformation of the I(Q) data, using GNOM (25), provided
the pair-distance distribution function P(r) in the real space. The point at
which P(r) intersects with the x axis represents the maximum diameter,
D, ,..x (Table 2; see also Fig. S1B in the supplemental material). The mo-
lecular envelopes were constructed from the SAXS data after ab initio
calculation with the program GASBOR (26). The P(r) ranges were varied
to generate various (>10) molecular envelopes using GASBOR (26). No
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symmetry restraints were applied to any of the shape reconstructions. The
10 highest-scoring ab initio models were chosen and averaged using
DAMAVER (27). Atomic models were docked into ab initio envelopes
with the program SUBCOMB (28). The theoretical scattering curves from
the atomic models were calculated and compared with the experimental
curves with the program CRYSOL (29). Rigid-body modeling to the ex-
perimental scattering data was performed using SASREF (30).

Docking model. The mini-collagen:CBD complex was generated
from the CBD and 1KG6F for the collagenous peptide. To obtain the com-
plex, the soft docking algorithm BiGGER was used (31). The manual
adjustments were aided by the use of MIFit (23).

Fluorescence spectroscopy measured equilibrium denaturation of
s3. For s3, A ., for the native protein occurs at 310 nm while A, for the
denatured protein occurs at 350 nm. The ratio of intensity at 350 nm
versus the intensity at 310 nm was used to track the unfolding process.
Fluorescence data were collected on a Hitachi F-2500 fluorimeter with
excitation and emission bandwidths at 2.5 nm and 10 nm, respectively.
The excitation wavelength used was 280 nm, and fluorescence emissions
were monitored between 300 nm and 450 nm. During thermal denatur-
ation trials, the temperature of the protein solution was maintained with
a Neslab RTE-110 circulating water bath (Thermo Scientific, Newington,
NH). In the thermal denaturation trials, the protein concentration was 3
M. In the chemical denaturation trials, the protein concentration was
1.5 uM. Holo-s3 was supplemented with 1 mM CaCl,, while apo-s3 was
supplemented with 1 mM EDTA. In all cases, the protein was diluted in 10
mM Tris-HCI and 100 mM NaCl, and the pH was maintained at 7.5.
When urea was used as the denaturant, the native s3 was exposed to
concentrations of denaturant that increased linearly by 0.2 M intervals
from 0.0 to 9.8 M. When guanidine hydrochloride (GuHCI) was used as
the denaturant, s3 was exposed to concentrations of denaturant that in-
creased linearly by 0.2 M intervals from 0.0 to 5.8 M. During thermal
denaturation, s3 was exposed to temperatures that linearly elevated by
2.5°Cintervals from 7.5 to 100°C. AGy;, and m values were calculated as
described previously (12).

DSC. Differential scanning calorimetry (DSC) was conducted using a
nanodifferential scanning calorimeter (NDSC) model CSC 6300 (Calo-
rimetry Sciences Corporation). The s3 was dissolved in 10 mM Tris-HCI
(pH 7.5) and 1 mM CacCl, for the holo form to a final concentration of 0.5
mg/ml. The apo-s3 was dissolved in 10 mM Tris-HCI (pH 7.5) to a final
concentration of 0.5 mg/ml. Following a scan of buffer versus buffer to
establish the baseline, samples were run as follows. Degassed samples were
heated from 25°C to 130°C (1°C/min) and then cooled back to the initial
temperature at the same rate. A second heating scan was then performed
to test the reversibility of the process. Unfolding was reversible if a differ-
ence in heat capacity was again observed during the second heating scan.
DSC analysis software (CpCacll) provided by the instrument manufac-
turer was used to analyze the transition temperature after subtracting the
baseline.

Protein structure accession numbers. The full coordinates of the
structure of holo s3b and holo s3 and their corresponding structure factor
amplitudes have been deposited in Protein Data Bank under accession
codes 4HPK and 3JQW. s3 solved in the presence of calcium/cadmium is
discussed in the supplemental material (PDB accession code 3JQX).

RESULTS AND DISCUSSION

Structure description of s3 at 2.0-A resolution. The structure of
s3 from ColH is similar to the structure of s3b from ColG. The s3
also adopts a B-sandwich “jelly roll” conformation composed of
nine B-strands. Two calcium atoms per molecule are found be-
tween the linker (861 to 878) and the B-strand C. There are three
molecules in the asymmetric unit. Molecule A consists of 117
amino acids (863 to 979), molecule B consists of 120 amino acids
(862 to 981), and molecule C consists of 121 amino acids (861 to
981). The backbone structures of the three molecules (A to C) are
virtually identical. The root mean square deviations of C, posi-
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FIG 1 Ca’** coordination in s3 and s3b. Comparison of Ca®>" coordination of s3 (A) and s3b (B). For both CBDs, the pentagonal base around Cal is indicated
by gray dashes, while the axial positions are indicated by yellow dashes. Seven oxygen atoms from six residues interact with this Ca®*. For Ca2 of both CBDs, one
square face is indicated by blue dashes, while the other face is indicated by green dashes. Seven oxygen atoms from five residues and a water molecule interact with
this Ca®*. Each oxygen atom is labeled with residue type and residue number. D897 of s3 fulfills the role of D927 of s3b. This figure was prepared using PyMOL

(48).

tions between molecules A and B, determined using Superpose
from the CCP4 suite of programs, was 0.29 A, that between B and
C was 0.45 A, and that between A and C was 0.43 A. Three mole-
cules were independently refined without NCS restraints. Inher-
ent flexibility was observed at both the N terminus (amino acids
861 to 863) and the C terminus (amino acids 977 to 981). Another
deviation occurs only in molecule C at the loop between B-strands
H and I (amino acids 966 to 969) caused by a peptide flip between
Ser967 and Tyr968. Both calcium atoms are ordered (B-factor,
<18 A?).

Structural comparison of holo s3b and holo s3. Here we pres-
ent the first structure of a collagen-binding domain from ColH
collagenase. The tertiary structures of the CBD molecules are very
similar to one another (C, RMSD = 1.4 A), despite being of low
sequence identity. 3-Sheet regions are the most similar. Even the
linker residues 898 to 910 of s3b and 867 to 879 of s3 adopt very
similar structures. The Ser874-Thr877 segment of s3 adopts a
short 3, helix, as also observed in the Ser905-Lys908 segment of
s3b. In both structures, two calcium ions bind between the N-ter-
minal linker and the B-strand C. The s3 does not adopt 3-strand A
found in s3b, and the region adopts a random coil. Also, the solu-
tion structure of apo-s3b does not form B-strand A (32). The
crystal structures of s3 and s3b are most divergent at the N termi-
nus and the loops connecting the (3-strands. For example, a loop
of 8 residues (Glu961-11e968) between B-strands E and Fin s3b are
line broadened and nonassignable on NMR, and the flexible loop
is unobserved in the crystal structure (10, 11). In contrast, the
equivalent loop in s3 (Glu930-Val935) is well ordered. Another
significant deviation in loop structures occurred at a loop between
strands B and C (residues 924 to 928 in s3b and 894 to 899 in s3).
The N termini of s3b (residues 891 to 897) and s3 (residues 861 to
868) adopt very different paths. It is possible that this deviation
can be explained by crystal packing restraining the position of the
termini. Terminus deviation as a result of crystal packing, for ex-
ample, was seen in the N-terminal linker of apo-s3b (11, 32).

Coordinations around the two calcium atoms in s3 are virtu-
ally identical to those described in detail for s3b later. Seven oxy-
gen atoms of five side chains and one main chain form a pentag-
onal-bipyramid coordination (Fig. 1). Eight oxygen atoms of four
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side chains and a main chain and one water molecule form a
square antiprismatic coordination. The average bond distances
observed in s3 are similar to those in s3b (see Tables S2 and S3 in
the supplemental material). There are some differences between
the two CBD molecules. Asp904 in s3b is replaced by Asn873 in s3;
therefore, the net charge around the calcium sites in s3 is —4. An
earlier sequence alignment of CBD molecules showed that Asp927
in s3b is replaced by Ser896 in s3 (11). However, serine is rarely
found to chelate with Ca*>* (33). The crystal structure of s3 re-
vealed that Asp897 is found in place to chelate with Ca®" atoms
and Ser896 is pointed away from the ions. In order for Asp897 to
chelate equivalently to Asp927 of s3b, a loop (residues 894 to 898)
of s3 meanders differently to position OD1 and OD2 atoms of
Asp897. Two energetically unfavorable torsional strains were
found in s3b (11). One of them is the peptide bond between resi-
dues Glu901 and Asn902 in s3b, which adopts an uncommon and
energetically unfavorable nonprolyl-cis-peptide conformation.
OD1 of Asn902 makes a hydrogen bond with main-chain N of
Asp904. The interaction is one of the important hydrogen bonds
in the stabilization of the transition state for the peptide isomer-
ization (13). In contrast, the structurally equivalent peptide bond
between Glu870 and Pro871 in s3 adopts a common prolyl-cis-
peptide conformation (Fig. 2). The second torsional strain was
found in the side chain x, angle of residue Tyr931 of s3b. Tyr931
adopts an energetically unfavorable angle of 64°, which is stabi-
lized by hydrogen bonding with NE2 of His959 of s3b (distance,
2.6 A). The equivalent residue Tyr900 of s3 adopts a favorable x,
angle of —68° (Fig. 3). The s3b domain is extremely thermostable
(T,, = 93°C) despite the torsional strains (12). The s3 domain is
only slightly more stable (T,, = 94°C). The stability of s3 is de-
scribed in more detail in the following section.

The collagen-binding surface in s3b was identified by binding
assay of 32 surface mutants (11) and by HSQC-NMR titration
(10). Three aromatic side chains critically involved in collagen
binding are positioned similarly in s3. Two tyrosine residues
(Tyr970 and Tyr994) in s3b are conserved in s3 (Tyr937 and
Tyr962), but Tyr996 is replaced by phenylalanine (Phe964) in s3.
Seven other residues identified to interact with the collagenous
peptides are not conserved in s3. SAXS and NMR studies of s3b in
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FIG 2 Linker of CBD. (A) Close-up view of linker in s3 (ColH). The peptide bond between Glu870 and Pro871 adopts prolyl cis conformation. Glu868, Glu870,
Asn872,and Asn873 in the linker region chelate with Ca®" ions (brown spheres). (B) Close-up view of the linker in s3b (ColG). The peptide bond between Glu901
and Asn902 adopts an energetically unfavorable nonprolyl cis conformation. Glu899, Glu901, Asn903, and Asp904 in the linker region chelate with Ca®" atoms

(brown spheres). This figure was prepared using PyMOL (48).

complex with collagenous peptides showed that Ser928 and
Arg929 interact with the C terminus of collagenous peptide (10).
Neither residue is conserved in s3. In s3, main-chain carbonyl
Thr895 occupies the space where the Ser928 side chain is found,
and the three-dimensional space occupied by Arg929 in s3b is
occupied by GIn898 and Tyr900 in s3 (see Fig. S2 in the supple-
mental material). Despite substitutions, the resulting collagen-
binding pocket in s3 closely resembles that of s3b. Using SAXS of
s3 in complex with [G(POG),PRG]; showed that s3 also binds
asymmetrically to the collagenous peptide (Fig. 4). Our previous
work demonstrated that both (POG),, (L-hydroxyproline is rep-
resented as O) and G(POG),PRG adopt a triple-helical structure
in solution. They are thus represented as [(POG),,]; and
[G(POG),PRG]s;, respectively. The resulting atomic models for s3

and s3b fit very well into the ab initio SAXS envelopes. The theo-
retical R, values calculated from the complex models of s3 and s3b
are in excellent agreement with the experimental values (Table 2).
The theoretical scattering curves calculated from the models using
CRYSOL (29) are superimposable with the experimental curves
with minimal discrepancy (Table 2). Rigid body modeling to the
experimental scattering data was performed using SASREF (30).
Collagenous complexes with either s3 or s3b were fitted indepen-
dently to the X-ray scattering data. The simulations were repeated
10 times. The model with the lowest value is shown (Fig. 4; see Fig.
S3 in the supplemental material). S3b binds asymmetrically to the
C-terminal (POG); repeats or C-terminal (POG),PRG (10). Since
critical aromatic residues are oriented similarly in both structures,
itis likely that s3 also targets the C-terminal region. The respective

FIG 3 Collagen-binding cleft of CBD. (A) Collagen-binding cleft in s3 (ColH). Conserved residues Thr924, Val926, Tyr937, Tyr962, and Phe964 may shape the
binding cleft. Tyr900 adopts a favorable x;, and it is facing the binding cleft. (B) Collagen-binding cleft in s3b. Residues Ser928, Arg929, Thr957, Tyr970, Tyr994,
and Tyr996 are the key residues shaping the binding cleft. The collagen-binding cleft matches the width of collagen (~10 A). Tyr931 adopts an atypical x, angle.

This figure was prepared using PyMOL (48).
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FIG 4 Structures derived from SAXS profiles using ab initio simulated anneal-
ing calculations are shown as gray surfaces for s3-[G(POG)]; complex (A)
and s3b-[G(POG),PRG]; complex (B). Calcium ions are shown in red. This
figure was prepared using PyMOL (48).

collagenase could target common structural features in collagen
fibril. The C-terminal region of collagenous peptide is slightly un-
twisted (undertwisted). Our studies on s3b and s3 imply that the
cleft-like shape of the binding pocket scans the collagen for under-
twisted regions and conserved aromatic residues of the pocket
intercalate to the triple-helical collagen (34).

Ca’* coordination of s3b at 1.4-A resolution. The 1.4-A res-
olution structure of the Ca**-bound s3b showed excellent elec-
tron density for nearly all protein atoms and water molecules. The
protein is crystallized as a noncrystallographic symmetry (NCS)-
related dimer. Since the structural features have already been de-
scribed for s3b, the discussion will focus on calcium binding sites.
Calcium associates with s3b in two coordination geometries, pen-
tagonal bipyramidal and square antiprismatic (Fig. 1). Both cal-
cium atoms were highly ordered (B-factor < 14 A%). The pentag-
onal bipyramidal coordination is commonly observed in calcium
chelating proteins, of which calmodulin’s EF hand motif is the
classic example. Five ligating atoms encircle the calcium ion as a
near-planar pentagon, and two remaining ligands sit at axial po-
sitions above and below. As in the ligation pattern of EF hands,
both carbonyl oxygen atoms of s3b’s Glu901 provide two of the
five equatorial ligation positions. The atoms describing the equa-
torial plane have an average deviation from planarity of 0.16 A (see
Table S2 in the supplemental material), which compares favorably
to the 0.18-A average deviations across calcium sites in calmodu-
lin (PDB code 10SA) (35). While calmodulin has a water mole-
cule occupying one axial position, allowing for greater flexibility
in the ligand position, both axial positions in s3b are supplied by
amino acid side chains (Asn903 and Asp927).

The s3b’s second calcium site with square antiprismatic coor-
dination sits 3.7 A from the pentagonal bipyramidal site. The pla-
nar faces of calcium-bound s3b’s square antiprism deviate only
slightly from a flat geometry (see Table S3 in the supplemental
material). One face shows an average out-of-plane deviation by a
mere 0.03 A for coordinated atoms, while the other face shows
only 0.13-A deviations. These values vary from the few other avail-
able protein structures with square antiprismatic bound ions (see
Table S4 in the supplemental material). Square antiprismatic co-
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ordination is relatively uncommon among macromolecules (33),
and few are currently found in the Protein Data Bank. Ding et al.
described a Zn?**-bound RNase T, at 1.8-A resolution, in which
six water molecules and a sole aspartate coordinate zinc (36).
When defined as square antiprismatic, the carbonyl oxygen atoms
of aspartate provide a ligand for each square face, creating signif-
icant distortions from planar geometry for these faces and a very
short ion-to-plane distance. On further examination, the ion co-
ordination in RNase T, is best described as trigonal dodecahedral
rather than square antiprismatic, which explains the high devia-
tions from planarity. Potassium ions are found in square antipris-
matic coordination in two structures, the KcsA potassium channel
and an Oxytricha nova G-quadruplex (37, 38). Main-chain car-
bonyl oxygens coordinate the KcsA potassium ions within the
channel, and due to the 4-fold crystallographic symmetry, the
square faces are perfectly flat. In the G-quadruplex structure, an
unusual DNA structure found in telomeric DNA, potassium ions
sit similarly in the center of a channel created this time by nucle-
otides. Thymine base O6 atoms coordinate the potassium and
provide near-planar square faces, with two cubic coordinations
sandwiching a square antiprismatic coordination (see Table S4 in
the supplemental material).

In addition to the CBDs, two calcium-binding proteins that
utilize square antiprismatic geometry are found in the literature.
Thermitase, an extracellular serine proteinase, when crystallized
in 100 mM calcium, revealed a square antiprismatic calcium site in
addition to two pentagonal bipyramidal sites. At lower calcium
concentrations, the site exhibits pentagonal bipyramidal coordi-
nation (39). Second, alpha-amylase binds two calcium ions with a
coordination number (CN) of 8 (40). One of these sites follows a
square antiprismatic geometry with three water molecules acting
as ligands, and the deviations from planarity are near that of the
thermitase coordination (see Table S4 in the supplemental mate-
rial). However, not all binding sites with CN of 8 have square
antiprismatic geometry. The second site in alpha-amylase involves
five water molecules and is best described as cubic. Proteinase K
binds to one calcium ion with CN of 8 (41), but coordination is
dodecahedral in geometry. Four water molecules act as ligands.

The bidentate ligating nature of aspartates and glutamates, of-
ten found in ion coordination, distorts geometries from ideal,
inorganic values. Therefore, square faces are rarely square, with
the exception of proteins taking advantage of multimerization as
in KcsA. Previous publications showed that Ca®™ is involved in
activation but K™ is not. However, Li" was found in the Ca®"
binding site (11). Barring occupancy differences, Ca** and K™
would have identical electron density in an X-ray diffraction ex-
periment. For the proteins shown in Table $4 in the supplemental
material, the distance of calcium from the square faces formed in
antiprisms averages 1.37 A, while potassium distances are a longer
1.58 A. Additionally, the average ion-to-ligand distance for cal-
cium and potassium are 2.54 A and 2.81 A, respectively. The larger
coordination radius observed for potassium is not surprising,
since its ionic radius is greater than that of calcium. Based on the
coordinate errors for oxygen atoms, the errors associated with the
bond distances in this study (see Table S4 in the supplemental
material) are estimated to be less than 0.03 A, even accounting for
10% underestimation (9). Based on the analyses of bond dis-
tances, it is clear that two Ca®* atoms bind to s3b.

Another novel aspect of the dual calcium site is that it contains
the rare tridentate acidic side chains (Glu901 and Asp930). As far
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idues. Electrostatic repulsion between the cations is likely neutral-
ized by the acidic residues. The coordination geometry reported
here could be useful in predicting proteins that utilize acidic resi-
dues to chelate a cluster of divalent cations such as Ca?", Mn?™,

Stability contributions of calcium binding. Both s3b and s3
are compact and extremely stable in the presence of physiological
Ca’". This may prolong enzyme activity against insoluble colla-
gen in the extracellular matrix. Calcium-bound holo-s3b was pre-
viously shown to be more stable than apo-s3b based on DSC and
fluorescence spectroscopy-monitored equilibrium denaturation
data (11, 12). Similar to the observation in s3b, denaturation path-
ways obtained using either DSC (Fig. 5) or fluorescence (Fig. 6)
showed that h0lo-s3 is more stable than apo-s3 (see Table S5 in the
supplemental material). Stability data were compared with those
of s3b. DSC data showed that holo-s3 (T,, = 94°C) was slightly
more stable than holo-s3b (T, = 93°C), though apo-s3 (T,
70°C) was less stable than apo-s3b (T, = 74°C) (see Table S5 in
the supplemental material). Whether heat, urea, or guanidine hy-
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FIG 5 DSC profiles for apo-s3 and holo-s3.

as we are aware, a tridentate acidic side chain has never been ob-
served. Previous analysis of 1,605 Ca>* binding sites showed that
bidentate oxygen atoms chelate with longer Ca**-O distances
than those found in monodentate (2.6 A versus 2.4 A) (33). In-
deed, Ca**-0 in bidentate residues (Glu899 & Asp927) is longer
than that in monodentate residues (Asn903 and Asp904). We also
note that the two bidentate residues chelate to Ca*" differently.
Two carbonyl oxygen atoms of Glu899 side chain chelate with one
Ca*" atom, whereas two carbonyl oxygen atoms of Asp927 chelate
with two different Ca®>* atoms. Ca-O-C angles in Glu899 (89° and
94°) are similar to the values observed for bidentate glutamates in
other Ca?* binding proteins (93.6 * 11.3°) (33), but the angles
observed for Asp927 (131° and 144°) are closer to angles observed
in monodentate residues (140.4 = 15.2°) (33). In both tridentate
residues (Glu901 and Asp930), one of the three bond distances is
significantly shorter (<2.36 A) than the other two. Ca-O-C angles
(87°,96°, and 159°) are virtually identical for both tridentate res-

drochloride (GuHCI) was used to denature the protein, the same
trends were observed. As a side note, the heat denaturation was
reversible for apo-s3 but not for holo-s3. Based on fluorescence-
monitored thermal denaturation, neither holo-CBD fully un-
folded at 100°C. Unfolding of s3 was monitored using the fluores-
cence of intrinsic Trp925, which is sandwiched between B-sheets.
Whereas denaturation using urea or GuHCI on holo-s3 occurred
as a cooperative transition from the native to the denatured pro-
tein, the unfolding transition of apo-s3 is abrupt (Fig. 6). Apo-s3
begins to unfold even at initial levels of chemical denaturant or
heat. Meanwhile, the T,, value for apo-s3 based on fluorescence
data is significantly lower than that determined by DSC (see Table
S5 in the supplemental material). The discrepancy in T,, was
also observed in s3b (12). Analysis of holo-s3 structure using
NACCESS (42) demonstrated that Trp925 is solvent inaccessible.
Also, crystal structures of holo-s3b exhibited tighter packing
around the Trp than did those of apo-s3b (12). The folding studies
suggest that Trp in apo-s3 is much less tightly packed than apo-s3b.
As observed for s3b, a locally stable, solvent-inaccessible core
around Trp925 in holo-s3 could explain the higher T, value ob-
served using fluorescence data, while a locally unstable, solvent-
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FIG 6 Results of fluorescence-measured equilibrium denaturation of s3 in its apo form (closed circles) and in its holo form (open circles). (A) Heat denaturation
pathway of s3. (B) Urea denaturation pathway of s3. (C) GuHCI denaturation pathway of s3.
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FIG 7 Structure-based sequence alignment of collagen-binding domains from M9B family. Calcium chelating residues, those critical for cis-trans linker
isomerization, collagen-binding residues, and architecturally important residues are highlighted in red, yellow, blue, and green, respectively. Sequence alignment

was aided by the use of ClustalW2 (49).

accessible core around Trp925 in apo-s3 could explain the lower
T, value observed using fluorescence data.

Evolutionarily related CBD. Both s3b and s3 molecules re-
ported in this paper belong to the PPC superfamily and are colla-
gen-binding domains (CBD). Common structural features de-
scribed in the previous sections enabled us to update the sequence
alignment of the CBD in the M9B subfamily (Fig. 7). Conserved
residues are important for one of four reasons: calcium chelation
(shown in red), cis-trans isomerization of the linker (yellow), col-
lagen-binding (blue), or protein folding (green). Conserved resi-
dues in unsolved CBD structures will likely fulfill roles found in s3
and s3b. The dual calcium-binding site is formed by four chelating
residues (Glu899, Glu901, Asn903, and Asp904) within the N-ter-
minal linker and two chelating residues (Asp927 and Asp930)
from the B-strand C, and invariant Tyr1002 hydrogen bonds and
orients Asp930. The residue numbers used in this paragraph are
those of s3b. Likewise, other supporting cast such as Gly921 is
conserved in the middle of the B-strand, strategically placed to
make room for Glu899. The dual calcium chelation site is fash-
ioned sometimes by a neighboring residue. As mentioned, Asp897
of s3 acts equivalently to Asp927 of s3b. Asp897 equivalents are
tentatively identified in Bacillus brevis s3a and s3b, Clostridium
botulinum A3 s3a, and Clostridium histolyticum ColG s3a. Triden-
tate and divalent Asp and Glu residues are conserved with only
Clostridium sordellii s3a as the exception. The monodentate
Asp904 residue is sometimes replaced by Asn. For those substi-
tuted, the net charge of the dual calcium site is neutral rather
than —1.

A cis-peptide bond forms between residues 901 to 902 of holo-
s3b and 870 to 871 of holo-s3 (Fig. 2). The residue equivalent to
Asn902 in other CBD molecules is either Pro, Asp, or Asn. Pro
frequently succeeds the peptide bond to ease trans-cis isomeriza-
tion. In s3b, Asn902_OD1 and Asp904_N form a critical hydrogen
bond for the peptide isomerization (13). For CBD molecules
where Asp succeeds the cis bond, side chain oxygen could play the
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same role as Asn902_OD1. Other hydrogen bonds identified by
simulation studies important in stabilizing the transition states
(13) are well conserved. The simulation study did not account for
hydrogen bonding via water-mediated interactions involving
Lys900_0O, Asn902_0, Lys908_O, and Thr910_OG1, which are
also conserved (see Table S6 in the supplemental material). Cal-
cium ions could catalyze the isomerization in all the CBD mole-
cules, and their transition states and catalytic mechanism may
look very similar.

Conserved residues are important in ensuring either proper
folding or architectural stability. Hydrophobic residues packed
between the 3-sheets are better conserved if they are located in the
vicinity of functionally critical residues. For example, invariant
Trp956 of strand E is packed between the B-sheets. The flanking
residues (Thr955 and Thr957) interact with minicollagen. Tyr932
is packed between the sheets and helps the positioning of Tyr1002.
Residues at tight turns are conserved as well. Gly975 is well con-
served to allow a type II' turn in s3b (11). Gly942 (Gly975 equiv-
alent) in s3 allows Asp941 side chain to stabilize the reverse turn. A
highly conserved six-residue stretch, 986 to 991 (PGKYYL),
adopts a tight turn and precedes the functionally important strand
H. The region is well ordered in the crystal structures with low
B-factors and is the least dynamic based on NMR (10) and limited
proteolysis matrix-assisted laser desorption ionization—time of
flight mass spectrometry (MALDI-TOF MS) (32). The main-
chain carbonyl and amino groups of Arg985 hydrogen bond with
OH of Tyr989 to stabilize the turn. Only Gly987 can make room
for the bulky Tyr989 side chain. Tyr990 packs against the invariant
Ala909 and conserved 3,, helix. Ala909 is at the base of the linker
that undergoes a-helix-f-strand transformation. The tight turn
may ensure that collagen-interacting Leu992, Tyr994, and Tyr996
would be correctly positioned. Tyr994 is the most critical residue
in interacting with collagenous peptides (11). The strands adja-
cent to strand H, i.e., strands C and E, are very well conserved. The
three antiparallel strands mold the collagen-binding pocket.
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Strand F staples the 3-sheets by interacting with both sheets. The
B-strand first interacts in an antiparallel orientation with strand E
and then breaks its direction at Gly971 to interact with strand G.
In place of Gly971, Ala or Pro is found at the location where the
strand switches its allegiance. The dual interaction of the strand
helps position Tyr970 to interact with minicollagen.

Three residues (Tyr970, Tyr994, and Tyr996) shown to inter-
act strongly with minicollagen (10, 11) are conserved. Tyr996 of
s3b is a critical residue in binding minicollagen and is partially
conserved. This residue is replaced with Phe in s3, though the two
side chains have identical orientations. In other CBD molecules,
an aromatic residue, such as Phe or His, is sometimes found at the
site. Meanwhile, either a B-branched residue or Leu is found at the
position equivalent to Thr957 in most of the CBDs. Six other
residues identified by '’N-HSQC-NMR titration to interact with
minicollagen are not well conserved. Since divergent CBDs (s3
and s3b) adopted a similar cleft-shaped binding pocket, other
CBDs may also adopt a similar collagen-binding structure.

Divergent CBD could target different collagen sequences and
could possibly target different collagen types; however, this struc-
tural study suggests otherwise. Rather, all the CBD domains may
bind similarly to an undertwisted region such as the C terminus of
a collagen fibril. The C terminus of type I collagen is exposed in the
fibril surface based on X-ray fiber diffraction experiments (43),
and it is the most accessible site for the bacterial collagenase to
initiate assaults. However, CBD binding only at the C-terminal
region of tropocollagen is unfounded. Gold particle-labeled tan-
dem ColG-CBD (s3a-s3b) labeled with gold particle bound to type
I collagen fibrils exhibited no periodicity (8). In the collagen fi-
brils, the molecules are staggered from each other by about 67 nm.
Therefore, CBD could target partially undertwisted regions in the
middle of a tropocollagen that are also vulnerable for assaults (34).
Both type I and II tropocollagen molecules are suggested to consist
of a triple helix with some relaxations (44). The energetic require-
ment to unwind these regions could be much less than for tightly
wound helical regions. Both s3 and s3b bind similarly to a mini-
collagen; thus, M9B collagenase molecules could initiate collag-
enolysis from analogous structural features in various collagen
fibrils.

Some bacterial collagenases consist of up to three CBD mole-
cules. The linker that induced structural transformation is a com-
mon feature found in M9B collagenase. It could act as a Ca*"
sensor to trigger domain rearrangement as a means of enzyme
activation against the insoluble fibril. Physiological Ca*" will
likely trigger a domain rearrangement in these collagenases. Prop-
erly positioned tandem and triple CBDs should ensure that colla-
genase is anchored to the weakest region in fibril.

The function of the PPC domain in M9A (PPC-M9A) is un-
known. Characterized M9As are collagenases, and the PPC do-
main from Vibrio vulnificus is thought to interact with type IV
collagen (45). No structure of PPC-M9A has been reported. The
crystal structure of PPC from serine protease S8 superfamily with
a sequence identity of 15% (PDB accession code IWME [46])
cannot offer additional insights either. The function of the PPC is
not known either, but PPC-M9A may adopt a tertiary fold similar
to that of CBD. Like s3, strand A in PPC-M9A may not exist. The
capability to monitor the concentration change in Ca>* by CBD is
critical for the activation of M9B enzymes against insoluble colla-
gen. Along with Zn>* at the catalytic center, Vibrio parahaemo-
Iyticus M9A enzyme uses Ca*>" as a cofactor (47). However,
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neither Ca>* binding residues nor collagen binding residues iden-
tified in CBD are found in PPC-M9A. The structures of s3 and s3b
could only serve as a template to the general fold of PPC-M9A.

As mentioned earlier, clinical applications using fusion pro-
teins of CBD and various growth factors are under way. Fusion
proteins of any CBD derived from M9B collagenase and a growth
factor should result in comparable clinical outcomes.
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